Abstract Thirty-six female Sprague-Dawley rats were divided into two groups: oophrectomised (oestrogen deficient) rats and sham operated (oestrogen maintained) rats. Rats were sacrificed at six, ten, and 14 weeks. The rats were randomly chosen to have biomechanical evaluation on one side and histological evaluation on the other. Biomechanical testing was performed on an Instron machine to measure peak load. Histological sections were evaluated for cell proliferation, collagen-fibre organisation, fibroblast density, angiogenesis, inflammatory cells, chondroid and osseous metaplasia. Compared with the sham operated group, the oophrectomised group showed a lesser average maximum stress (42.9 N/m 2 versus 33.7 N/m 2 ) at six weeks, which was significant (p<.05). Succeeding weeks showed no significant biomechanical differences between the two groups. The sham operated group showed greater inflammatory response, which was statistically significant (p< 0.05), and also revealed greater cell proliferation and density. The results of this study revealed that endogenous oestrogen may improve healing of the Achilles tendon in rats.
Introduction
It is well known that women are more likely to sustain musculoskeletal injuries. Many studies reveal that sex differences in injury rates are apparent in ligaments. In vitro studies reveal that oestradiol has an inhibiting effect upon collagen formation in ligaments [11, 19] . Magnusson et al. showed that tendon adaptation to mechanic loading may differ between men and women [12] . However, current studies do not support gender-related differences in tendon injury rates [10] and little difference in ligament injuries [14] .
In this study, it was postulated that serum oestrogen levels may play a role in sex-differentiated tendon healing and biomechanic properties in the tendon. We investigated whether an oestrogen deficient status affected tendon healing and tendon mechanical properties.
were provided by the Medical and Surgical Research Centre of our University. Rats were acclimatised to caged laboratory conditions and were allowed to feed with a standard diet and water ad libitum. The room temperature and humidity were maintained at 20-24°C and at 50-60%, respectively. The light cycle was fixed at 12 hours.
Thirty-six rats with a mean age of 12 months and mean weight of 289.4±46.1 grams were used. All rats were divided randomly into two groups: oophrectomised (oestrogen deficient, n=18) and sham operated (oestrogen maintained, n=18). Complete bilateral Achilles tendon tears were surgically created in 27 rats (54 Achilles with tendon tears). The sham group consisted of nine rats (18 Achilles with intact tendons). The study design is demonstrated in Fig. 1a ,b. The rats were randomly divided into three equal groups (12 rats in each group). Finally, rats were sacrificed at six, ten, and 14 weeks.
Surgical intervention
The first day of the study, all rats were anaesthetised with a combined ketamine (50 mg/kg) and xylazine (5 mg/kg) intra-peritoneal injection. Rats were shaved and aseptically prepared. In the oophrectomy group, bilateral ovariectomies were performed. The sham operated group underwent the same surgical procedure exposing the ovaries but keeping them in the same position. In addition, Achilles tendon tears were performed in the rats. Bilateral surgical exposure involved a 1-cm-long longitudinal midline incision in the skin overlying the Achilles tendon and central to the calcaneus insertion. Full-thickness tendon defects were created transversely at the level of the calcaneal insertion. A gap of approximately 1 cm occurred between the two ends of the Achilles tendons when the ankle was brought to a neutral position after being cut by the Achillotomy technique, and the free ends of the tendon were not sutured. The control group underwent the same operative exposure of the Achilles tendon without tear creation. The skin was closed with absorbable 3-0 monocryl suture (Ethicon).
The animals were sacrificed with an intraperitoneal injection of 200 mg/kg thiopental at six, ten, and 14 study weeks. Each rat was evaluated biomechanically on one side and histologically on the other side. The sides were randomly determined.
Each specimen was carefully dissected and the muscle was removed at the musculotendinous junction, leaving the tendinous part and calcaneus intact.
Efficacy of ovariectomy
Rats become sexually mature at age six weeks and enter menopause between the ages of 15 and 18 months [3] . From the onset of sexual maturity up to menopause, the mean cycle length in the female rat is four days [4, 13] . Oestrogen has a half-life of between three and eight hours. According to these records, after the oophrectomy in the first study group, sacrifice was planned at six weeks. In addition, the concentration of serum 17B-oestradiol was analysed by radioimmunoassay.
Macroscopic assessment
Rats were sacrificed and surgical exposures were made during each study week.
Biomechanical testing
Specimens were stored at −20°C until testing. During biomechanical assessments, all samples were to test Achilles tendons tensile strength using electromagnetic testing equipment (Instron Tensometer, Model 8874, Automated Materials Testing System, Instron Corporation, Canton, Massachusetts, USA). The room temperature and humidity were controlled at 20°C±1 and at 40%, respectively, during biomechanical analysis. The fresh-frozen specimens were thawed at room temperature on the day of biomechanical analysis and kept moist with normal saline throughout testing. The calcaneus was placed on a model stone (Amberok, dental model stone) with its long axis in the horizontal plane. Specimens were prepared in the same shape and were kept in position for at least 12 minutes and allowed to set. The proximal end of the Achilles tendon was fixed between two pieces of sandpaper and clamped vertically in a custom-made cryoclamp. The system was loaded to 250 N with a displacement rate of 5 mm/min. The ultimate loads (loads at failure) were determined for specimens.
Histology
Tissue samples were fixed in 10% neutral buffered formalin overnight then dehydrated with alcohol. The fixed tissue was processed, embedded in paraffin, and sectioned at 3 micrometers. Finally, tissue sections were stained with haematoxylin-eosin according to standard protocols for evaluation of inflammation, fibroblast density, vascularity, chondroid and osseous metaplasia. To investigate collagen fibre orientation, Masson-Trichrome stain was used. Proliferating cell nuclear antigen (PCNA) assay was performed to measure cell proliferation.
Fibroblast density, inflammation, vascularity and collagen fibre orientation were graded on a four-point grading system on the following scale: 0 indicates a normal appearance, 1 indicates a slightly abnormal appearance, 2 a moderately abnormal appearance and 3 a markedly abnormal appearance.
The presence or absence of chondroid and osseous metaplasia was recorded, together with percentage of PCNA positivity determined.
For each staining technique, two slides were prepared. The area of specimen showing the most advanced pathological changes was selected, and the worst possible results for each slide were used in this study. Slides were examined by the same pathologist under light microscope (Olympus Bx50) and read blindly.
Statistical analysis
Data were evaluated using SPSS statistical software package 13.0 for Windows (SPSS Inc, Chicago, IL). Descriptive statistics were calculated, including frequencies, mean, standard deviation, and minimum and maximum values.
Mann-Whitney U test was applied to biomechanical analysis. Because the data value is continuous, the Mann-Whitney U test was used to determine the significance of the percentage of cell proliferation and the histological sum grade. The chi-square test was used to ascertain the association between the study groups histological category during each study week. Results were considered statistically significant at p<.0.05.
Results

Evaluation of serum oestrogen levels
The mean serum 17B-oestradiol levels were 25.5 pg/ml (range 15-42 pg/ml) on the first day of the study. Serum oestrogen levels were <10 pg/ml before sacrifice at six, ten and 14 weeks. The decrease of oestradiol level corresponded with the previous report [15] .
Macroscopic assessment
Regardless of the study week, the gross appearance of the tendon after the defect was similar in all rats. It showed intact tendon with thickened appearance (Fig. 2) . No macroscopic differences were seen with or without oophrectomy.
Biomechanical results
During biomechanical testing, all specimens were tested successfully. The expected load deformation curves were seen in tendon tissue. The tendon failed at mid-substance in both the study and control groups (Fig. 3a,b) . The biomechanical results of the study group with MannWhitney U test showed that at six weeks, tendon ultimate loads to failure were significantly lower in the oophrectomised group than in the sham operated group (p<.0.05). In the succeeding study weeks, ultimate loads to failure were obtained very similarly and no significant differences were found between the groups (p>.0.05). All of these values were inferior to the control group (Table 1) .
Histological results
The distribution of the histological grades for fibroblast density, inflammation, vascularity and collagen fibre orientation of the study groups are shown in Table 2 . Within each specific category at every study week, the chi-square test showed association between the oophrectomised and sham operated groups; in all the variables there were no significant differences (p>.0.05).
The mean histological sum-grade and standard deviations of both study groups are shown in Table 3 . The MannWhitney U test was used to determine the sum-grade difference between the oophrectomised and sham operated study groups at each histological category. The results revealed the mean histological sum grade of the inflammatory response of the no-oophrectomy study group was greater than the oophrectomised groups. The mean histological sum grade of collagen fibre orientation was greater in the oophrectomised groups than in the sham operated groups. Over time, collagen contents decreased in the presence of oestrogen. Only inflammatory response difference between the study groups was statistically different (p<.0.05).
In the sham operated group, the results revealed 12 of the 15 specimens (80%) with chondroid metaplasia and ten of the 15 specimens (66.7%) with osseous metaplasia. In the oophrectomised group, results showed ten of the 12 specimens (83.3 %) with chondroid metaplasia and eight of the 12 specimens (66.7%) with osseous metaplasia. None of the control specimens showed chondroid or osseous metaplasia. According to the chi-square test, neither the presence of osseous metaplasia nor chondroid metaplasia were significant between the study groups (p> 0.05).
Cellular proliferation was higher in the sham operated groups than in the oophrectomised groups during the last two study weeks. Cellular proliferation decreased over time in both groups. The Mann-Whitney U test did not show significant differences between the groups studied (p>.0.05).
Discussion
Tendinopathies are common complications in sports-and work-related medicine. A number of factors such as ergonomic considerations, genetics, gender, and fitness levels could play a role in either the initiation of such tendinopathies or their progression. Tendon disorders are responsible for significant morbidity and disability lasting several months despite appropriate management. The management of tendon injury is a challenge for physicians. Therefore, the factors that affect tendon healing are extremely significant [17] .
Previous studies have revealed tendon healing can be stimulated by several growth factors (e.g. or by a thrombocyte concentrate (PRP) [1] .
There is increased awareness of gender vulnerability of certain tissues that can lead to pathological stages. Oestrogen has been, to date, the primary hormone investigated to play a potential role in musculoskeletal disease and injury. Research has identified oestrogen as being important to the homeostasis of many musculoskeletal tissues, often with an incomplete understanding of the role this hormone plays on tissue structure and function, since sex and collagen content are known to affect mechanical properties of some connective tissue [12] . It is reasonable to believe these factors might be causing variability in the properties of tendons.
It is well known that tendons have the highest tensile strength of any soft tissue because their main constituent is collagen, one of the strongest proteins, and collagen fibres are arranged parallel to the direction of the tensile force [9] . A few studies have investigated the biomechanical proper- Histological grade  0  1  2  3  0  1  2  3  0  1  2  3   Sham operated group  Fibroblast density  2  -2  1  --4  1  --4  1  Inflammation  -1  3  1  -1  2  2  -5  --Vascularity  2  1  2  --1  3  1  1  3  1  -Collagen fibre orientation  1  3  1  -1  3  1  --3  2  -Oophrectomised group  Fibroblast density  3  1  -2  2  --1  3  -Inflammation  2  1  1  -1 ties of tendons in response to gender differences. Fisher et al. showed that collagen concentration decreases after treatment with oestrogen in rat tail tendons [5] . Bryant et al. revealed that long-term exposure to attenuated oestrogen in users resulted in a decrease in Achilles tendon strain in humans, which was thought to be attributed to the effects of endogenous oestrogen on collagen synthesis [2] . Contrary to this, Goldstein et al. reported that the tendons from females were found to be significantly stiffer in uniaxial tension than those from males [6] . The results from this study showed that collagen contents were associated with oestrogen status, although tendon mechanical properties were not related to oestrogen deficient status. Experiments may indicate that sex hormones impact on tendon cell biology and modify neuropeptide responsiveness. Hart et al. demonstrated the preservation of mRNA for oestrogen receptors in a number of tendons from the rabbit. In addition, oestrogen receptors have been identified in human tendons, although their function is not clear [7] . When oestrogen is withdrawn, there is a negative impact on many tissues that can lead to increased disease. There is debate regarding the healing potential of the tendon tissue. Interestingly, inflammatory responses are attenuated in many females during pregnancy [8] . Similarly, this study's results demonstrate that cell proliferation and inflammatory response are greater in the presence of endogenous oestrogen. Unlike previously published studies, it demonstrates that supraphysiological levels of oestrogen treatment decreased cell proliferation [16, 18] .
Our results show that there is not a direct effect of endogenous oestrogen deficiency of Achilles tendon mechanical properties in the rat model. On the contrary, it was concluded that oestrogen may improve tendon healing. To our knowledge, this is the first experimental study to investigate the effect of endogenous oestrogen in both tendon healing and tendon biomechanical properties. Further clinical and experimental studies are clearly necessary to definitively determine the oestrogen influence on tendon healing and mechanical properties.
